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The results of two component laser-Doppler velocimeter (LDV) surveys made in 
the near wake (to one fifth chord) of a controlled diffusion (CD) compressor blade 
in a large-scale cascade wind tunnel are reported. The measurements were made at 
three positive incidence angles from near design to angles thought to approach stall. 
Comparisons were made with calibrated pressure probe and hot-wire wake meas-
urements and good agreement was found. The flow was found to be fully attached 
at the trailing edge at all incidence angles and the wake profiles were found to be 
highly skewed. Despite the precision obtained in the wake velocity profiles, the blade 
loss could not be evaluated accurately without measurements of the pressure field. 
The blade trailing edge surface pressures and velocity profiles were found to be 
consistent with downstream pressure probe measurements of loss, allowing conclu-
sions to be drawn concerning the design of the trailing edge. 
Introduction 
Controlled diffusion (CD) blading shapes were introduced 
into the design systems for axial compressors only a few years 
ago (Hobbs and Weingold, 1984). The CD blade contour, for 
a given inlet air angle, turning angle, solidity, and streamline 
contraction, is usually the result of an inviscid design process 
operated sequentially or interactively with surface boundary 
layer predictions. The resulting blade shape is one on which 
the suction-side boundary layer is predicted not to separate at 
design conditions (Sanger, 1983). The inviscid-plus-boundary 
layer design procedure results in shapes that can have signif-
icant (but controllable) trailing edge thicknesses where a Kutta 
condition has been imposed (Hobbs and Weingold, 1984; Sanz, 
1988). The closing of the trailing edge shape, with a radius for 
example, is a matter of some judgment since a generalized 
model of a compressor blade base flow suitable for design 
purposes has not been established. The need for such modeling 
has previously stimulated both cascade (Hobbs et al., 1982) 
and large-scale trailing edge simulation studies (Patersen and 
Weingold, 1985; McCormick et al., 1988). However, the un-
derstanding that can be obtained from single experiments on 
specific designs is necessarily limited and an assimilation of 
the information from a range of experiments could lead to 
much greater insight. It is in this spirit that the present results 
are reported. 
The present work began with an experimental program aimed 
at verifying an inviscid-plus-boundary layer method for de-
signing CD compressor blading (Sanger, 1983). The compar-
ison of experimental with design and predicted off-design 
performance of a particular CD cascade (hereafter referred to 
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as the Sanger cascade) was reported (Sanger and Shreeve, 1986), 
and it was clear from the study that off-design and stalling 
behavior were not predicted adequately using boundary-layer 
codes. In order to provide detailed experimental data with 
which to assess existing and developing viscous codes, in par-
ticular their ability to predict stall, a complete mapping of the 
flow through the cascade was made using a two-component 
laser-Doppler velocimeter (LDV) at design and two higher 
incidence angles (Elazar, 1988). Preliminary assessments made 
by Elazar of boundary layer (McNally, 1970), interactive 
boundary layer (Snir, 1988), and Navier-Stokes (Shamroth et 
al., 1984) code predictions showed that only the Navier-Stokes 
code gave reasonable results. It was also clear however, that 
transition modeling was critical in obtaining the good agree-
ment. The experimental results for the boundary layer devel-
1 
Number of Test Blades = 20 
Number of Inlet Guide Vanes = 59 
V, 
Fig. 1 Schematic of the cascade wind tunnel 
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Fig. 2 Cascade geometry and measurement locations 
opment in the Sanger cascade with sufficient information to 
permit its use for preliminary code assessment purposes were 
given in an earlier paper (Elazar and Shreeve, 1990). A report 
containing all test results is to be issued (Shreeve and Elazar, 
1989). 
For code assessment, the Sanger cascade was found to pro-
vide a unique test case. The surprising feature of the flow field 
was that the suction side boundary layer was found to remain 
completely attached at the trailing edge at incidence angles that 
were thought from the loss measurements to be "stalling." A 
leading edge separation bubble was observed to grow as the 
incidence was increased, but losses could reach four times the 
minimum loss for the cascade (Classick, 1989) without the 
appearance of any trailing edge separation (Murray, 1989). 
This contrasts significantly with the behavior of a double-
circular arc (DCA) compressor cascade, on which a similarly 
detailed mapping was made (Deutsch and Zierke, 1987, 1988; 
Zierke and Deutsch, 1990), wherein an unsteady separation 
occurred on the suction side at positive incidence angles. 
In view of the steady and attached flow found at the trailing 
edge of the Sanger cascade, LDV measurements made in the 
blade wake are again useful as a well-prescribed test case for 
viscous calculations. The point must be made, however, that 
the LDV technique gives accurate measurements only of the 
velocity field. As was stated earlier (Elazar and Shreeve, 1990), 
the loss coefficient for the cascade could not be evaluated 
accurately from LDV data alone, and the uncertainty intro-
duced by an assumption as to the pressure field was comparable 
in magnitude to the loss itself. In order to assess completely 
the ability of emerging viscous codes to predict off-design 
behavior, and in particular the losses (Davis et al., 1988), it is 
desirable to have equally accurate measurements of the velocity 
field and the losses. 
Consequently, the present paper presents results of LDV 
measurements made in the wakes of the Sanger cascade at 
increasing incidence (Elazar, 1988), and relates them to cali-
brated pressure probe (Dreon, 1986) and hot-wire probe (Bay-
dar, 1988) measurements. The values obtained for the loss 
coefficient and the recovery of the static pressure from the 
lower values measured on the blade trailing edge are analyzed 
and are shown to be consistent with the effect of wake mixing. 
Test Facility and Instrumentation 
The subsonic cascade wind tunnel and operating instru-
mentation were as described by Sanger and Shreeve (1986). 
The configuration of the wind tunnel is shown in Fig. 1. The 
tests involved 20 test blades across a test section width of 1.524 
meters. The blade span was 25.4 cm. Inlet air angle was ad-
justed by rotating the lower side walls and inlet guide vanes. 
The test blading was mounted to a rack, which translated to 
a new position as the angle was changed. At each angle the 
outlet end walls were adjusted so that the downstream wall 
static pressure was atmospheric and nearly uniform in the 
blade-to-blade direction. The guide vane position was selected 
such that the wall static pressure was nearly uniform in the 
blade-to-blade direction. An upstream blade-to-blade survey 
using a calibrated five-hole pressure probe verified near uni-
formity of the flow over six blade passage widths. Examples 
of profiles showing the degree of uniformity and periodicity 
of the flow field are given by Sanger and Shreeve (1986) and 
Elazar and Shreeve (1990). It is important to note that the 59 
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inlet guide vanes, spaced only 2.54 cm apart, generated wakes 
that were well mixed and barely detectable just ahead of the 
test blades. The free-stream turbulence level was measured 
consistently to be 1.4 ± 0.7 percent. 
The geometry of the cascade and axial locations of blade-
to-blade surveys (made at midspan) are shown in Fig. 2. The 
geometry of the cascade is given in Table 1. 
Data presented herein are from three studies. LDV meas-
urements were made by Elazar (1988) of the flow through the 
passage formed by blades 7 and 8 from the left-hand end in 
Fig. 1. The wake flow was measured behind blade 7 at stations 
E1-E4 in Fig. 2. 
The LDV velocity field measurements were referred to an 
upstream (uniform) inlet velocity derived from LDV surveys 
0.3 chord lengths "axially" upstream and plenum conditions 
at the time of the individual measurement (Elazar and Shreeve, 
1989). Details of the TSI two-component LDV system are given 
in the cited reference. 
Calibrated five-hole pressure probe measurements were made 
by Dreon (1986) in the wake of blade 10. Two United Sensor 
Corporation cylindrical probes (Model DA-125) were used at 
the stations labeled "upper traverse" and "lower traverse in 
Fig. 1. The "upper traverse" corresponds to Station D6 in 
Fig. 2. A United Sensor Corporation conical probe (Model 
DC-125) was used for wake surveys nearer to the blade, at 
stations D1-D5 shown in Fig. 2. The probes were calibrated 
(in a free jet) and used in a yaw-balanced mode (Dreon, 1986), 
establishing calibration surfaces for dimensionless velocity and 
pitch angle in terms of two pressure difference coefficients. A 
special yaw angle probe was also used to provide a reference 
for yaw angle measurements in the blade wakes. 
Single component hot-wire measurements were made by 
Baydar (1988) at stations B1-B3 in Fig. 2 in the near wake of 
blade 10. The hot wire was calibrated in situ using a Prandtl 
probe at the same blade-to-blade location, well outside the 
0.075 
0 .2 
fi - K 1 1 r~ -I 1—s^—1-
0.075 
0 .2 
id -+•= 1 1 1-
H h 
H h^+ f-
6V c 
- I 1 1 V-
-4-^-{-
— 1 1 H 
, 1 1 +^ 
1 
40° 
1 
•I. IL.. I 
-) 1-
E — 1 — 
I"" 
— 1 — H 1 1 
1.0 0 Turbulence (%) " v, » r e £ - «. » r e £ 
Fig. 3 Boundary layers measured at the blade trailing edge 
wake, and with the two probe tips 2.54 cm on either side of 
the spanwise tunnel centerline. TSI anemometer (Model IFA-
100), digitizer (Model IFA-200), and software (DAP) were used 
with an IBM PC-AT computer. Details of the measurements 
are given by Baydar (1988). 
Results and Discussion 
LDV Measurements. The results of two-component LDV 
surveys made in the blade-to-blade direction at the axial station 
of the center of radius at the blade trailing edge are shown in 
Fig. 3. The figure shows the axial (u) and transverse (v) com-
ponents of the mean velocity and the turbulence level on the 
pressure and suction sides of the blade trailing edge, at three 
inlet air angles (40, 43.4, and 46 deg). The velocity components 
are shown as a ratio of the (uniform) inlet velocity. The tur-
bulence level is also referred to the inlet (rather than to the 
local "free-stream") velocity. The displacement scale (from 
top to bottom) covers half a blade space, so that the extent of 
the viscous layer in relation to the blade passage can be easily 
appreciated. At an air inlet angle of 46 deg the two viscous 
layers and metal thickness are seen to occupy 35 percent of 
the area at the trailing edge. 
It is interesting to note that there were significant differences 
in the behaviors of the boundary layers on the suction and 
pressure sides of the blade as incidence was increased (Elazar, 
1988). On the suction side, the boundary layer increased in 
thickness as incidence was increased, but the turbulence profile 
showed that the layer retained the characteristics of a fully 
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Fig. 4(b) LDV wake surveys at (J, = 43.4 deg 
turbulent boundary layer. On the pressure side, at inlet air 
angles of 40 and 43.4 deg, the velocity profiles were very similar 
to each other in every respect. At 46 deg however, the boundary 
layer was discernibly thinner and the turbulence levels within 
the layer decreased. These differences have to do with how 
transition occurred on the two sides of the blade. On the suction 
side, transition occurred over a laminar separation bubble near 
the blade leading edge. While the bubble grew as incidence 
was increased, reattaching at 46 percent chord at an air inlet 
angle of 46 deg, the boundary layer downstream of reattach-
ment appeared always to be fully turbulent. On the pressure 
side of the blade, transition occurred naturally within the 
boundary layer over a significant fraction of the chord. Toward 
the trailing edge, the outer flow was accelerated significantly. 
The differences in stagnation point location, transition location 
and length, and acceleration toward the trailing edge as the 
incidence angle was changed, resulted in a significantly reduced 
boundary layer thickness on the pressure side of the blade at 
the highest inlet air angle of 46 deg. 
The results of LDV surveys of the wake of the seventh blade 
are shown in Fig. 4. The surveys were made at distances 0.052c, 
0.072c, 0.135c, and 0.212c, or, equivalently 2.15d,e, 2.96d,e, 
5.56dte, and 8 .ldte (where dte is the diameter at the blade trailing 
edge), downstream of the center of curvature of the trailing 
edge. The mean velocity components and the turbulence levels 
are shown in the figure. 
It is first noted that the wake was, in general, highly asym-
metric. The asymmetry was most pronounced at the station 
closest to the trailing edge, becoming less pronounced down-
stream, as mixing occurred. Only at /3i = 40 deg, at the most 
downstream station (8.7 d,e). was the wake nearly symmetric. 
Reversed flow was measured at 2A5d,e at /3|=40 deg and 
fii = 43.4 deg, but not at /3] =46 deg. Mixing was most rapid 
at |3i = 40 deg. Figure 5 shows the variation in wake minimum 
velocity with distance downstream. It is interesting to note the 
differences that occurred at the three inlet flow angles. Since 
the pressure side boundary layers at the trailing edge were 
similar at fr = 40 deg and (3] =43.4 deg, it was possibly the 
thinner pressure side boundary layer at /3( = 46 deg that led to 
a shorter reverse flow region at the highest angle. 
The transverse velocity components approached ± 1 0 per-
cent of the inlet velocity at the most upstream location (2.15dle) 
and became almost constant at the most downstream station 
(8.7rfre). The constant value of approximately 1 percent of the 
inlet velocity was consistent with the presence of a small de-
viation angle. 
The distributions of turbulence level show the wake asym-
metry most clearly. The turbulence level was considerably 
higher (reaching 15 percent at /Sj = 40 deg), in the area of the 
wake containing the pressure side boundary layer. The suction 
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Fig. 4(c) LDV wake surveys at /3, = 46 deg 
side boundary layer generated turbulence in the wake of 8 
percent or less. 
Hot-Wire Measurements. Single component hot-wire meas-
urements obtained by Baydar (1988) in the wake of the tenth 
blade are compared at corresponding axial stations with LDV 
measurements, made by Elazar (1988) in the wake of the sev-
enth blade, in Fig. 6. In general, good agreement was obtained. 
Exceptional agreement was found in the mean velocity at 
fii =40 deg. At /3] = 46 deg, similar values of the minimum 
velocity were measured, but the hot wire showed the wake to 
be shifted slightly toward less deviation. Peak turbulence levels 
were in very good agreement at both p^  = 40 deg and /3, = 46 
deg. However, the hot wire indicated somewhat higher tur-
bulence levels than did the LDV in the region of the wake 
containing the suction-side boundary layer. No satisfactory 
explanation has been found for this difference. Since the hot 
wire could not be positioned with the equivalent accuracy that 
could be achieved with the LDV measurement volume, and 
since only the velocity magnitude could be obtained from the 
single wire, no further hot-wire measurements were made. 
Pressure Probe Measurements. Measurements were made 
with a calibrated five-hole conical pressure probe behind the 
tenth blade at one axial station at which LDV measurements 
were made behind the seventh blade; namely, 0.135c down-
Fig. 5 Wake minimum velocity from LDV measurements 
stream of the trailing edge center of radius. The measured 
velocity profiles are compared in Fig. 7 at p\ = 40 deg and 
/3, =43.4 deg. Truly excellent agreement was seen at /?i=40 
deg. At Pi = 46 deg, some disagreement was evident, with the 
LDV measurements showing a somewhat wider and deeper 
wake. Two reasons for disagreement can be considered. First, 
the conical pressure probe was 0.32 cm in diameter and hence 
could interfere with the flow being measured in the very near 
wake. Unfortunately optical windows could not be installed 
at the tenth blade where the probe measurements were made 
so this could not be examined. It was noted that at p^  = 40 
deg, the wake was better mixed at the probe station, and 
interference might be less. Second, small differences might be 
present between the wakes of different blades at increased 
incidence angles. Since the wakes of the blades are developed 
from suction-side boundary layers, which develop downstream 
of growing separation bubbles, some differences are to be 
expected. Future experiments will examine this point more 
carefully. In general, the large number of test blades (20) cir-
cumvents the problem of achieving flow periodicity in the test 
section. 
Wake velocity profiles measured by Dreon (1986) using the 
calibrated conical probe at five downstream stations and a 
calibrated cylindrical probe at the farthest downstream station 
are shown in Fig. 8 for /3j =40 deg and fit =43.4 deg. The path 
of the wake minimum velocity away from the suction surface 
is shown in Fig. 9, where LDV data near to the trailing edge 
are included. 
The total pressure profiles (the results of direct measurement 
of stagnation pressure at the tip of each probe) were quali-
tatively similar to the velocity profiles. From the velocity, 
stagnation pressure, and stagnation temperature (measured in 
the wind tunnel plenum) all properties of the flow were cal-
culated at each location in the survey. By integration over one 
blade passage, values were obtained for the mass-averaged loss 
coefficient (co, Sanger and Shreeve, 1986), the NASA diffusion 
factor (D), and the axial velocity-density ratio (AVDR) at each 
survey station. The results are shown in Fig. 10. Very consistent 
results are noted with the exception of the one data point 
indicated. The uncertainties in the quantities derived from the 
probe measurements can be judged from the following: The 
two cylindrical probes (at the most upstream and downstream 
traverse positions) were traversed across two blade spaces. The 
two probes were then interchanged and the traverses were 
repeated. The maximum variation in the properties derived 
from each blade space and each probe position (4 cases) was 
found to be 7.3 percent in the loss coefficient, 3.3 percent in 
the diffusion factor, and 0.67 percent in the AVDR. 
Static Pressure Recovery. The static pressure was obtained 
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Fig. 7 Comparison of wake velocity profiles from LDV and calibrated 
pressure probe measurements at station E3 = D1 
from the calibrated pressure probe at each point in the survey. 
Compared with the velocity and stagnation pressure variation 
through the wake, the variation in the static pressure was small. 
An example of the indicated static pressure variation through 
the wake is shown for /3] = 43.4 deg in Fig. 11. 
The static pressure variation was associated with a flow angle 
variation, which is shown in Fig. 12. [The flow angle was 
derived from the nonintrusive LDV measurements. However, 
the qualitative behavior of the flow angle through the wake 
seen in Fig. 12 was confirmed by Dreon (1986) using a special 
flow angle probe designed for shear layers.] It is also noted 
that the static pressure level outside the wake increased pro-
gressively, moving downstream of the trailing edge. 
The degree to which the pressure level changed downstream 
of the blading is illustrated in Fig. 13. On this figure are shown 
the pressures measured on the surfaces of the blading in relation 
to the static pressure measured by the probe at the upper 
traverse station nearly 1.8 chord lengths downstream (station 
D6 in Fig. 2). It is evident that the static pressure rise down-
stream of the trailing edge was a very significant fraction (~ 30 
percent) of the overall pressure rise across the cascade. The 
accuracy of this somewhat surprising observation was imme-
diately questioned. However, calculations of losses from the 
very detailed LDV measurements alone had not proved suc-
cessful because it was found that the assumption of static 
pressure level determined the loss magnitude. 
The relationship of the static pressure rise and loss coefficient 
can be appreciated most easily by assuming the flow to be 
X/c 
111 ^ ( ' 
v/v 
B.-43.40 
< 
STATION Dl 
V/V 
- H 
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Fig. 8 Wake velocity distributions from calibrated pressure probe 
measurements 
Fig. 9 Location of the wake minimum velocity from LDV and calibrated 
pressure probe measurements 
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incompressible and fully mixed out at station D6. Then, the 
pressure rise coefficient is given by: 
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n P2-P1 Pa-Pti Vip{V\-V\) . . . ... 
Cp2 = = = 1 - — 2 - 0 ) (1) 
V\ 
or 
^ = 1 - ( A V D R ) 2 ( c S | , - W (2) 
The mixing-out process from the trailing edge is illustrated 
in Fig. 14. One blade space is shown with boundary layer 
displacement thicknesses of 5* and 5^ on the suction and pres-
sure sides, respectively. Conservation of momentum and mass 
for constant area axial flow gives 
so that VipV\ 
:- = 2 ls-(dte + 8* + 8;) 
1 (3) 
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Fig.14 Illustration of the mixing analysis 
Cpi — Cple + \P2-P,e] yipv2^ = Cple + A 
where 
and 
A = 2 ka \-ka (AVDR)
2 / c o s / 3 i \
: 
Vcosft./ 
c c c 
(4) 
(5) 
(6) 
The following table gives the results of calculating cp2 using 
equation (4), using LDV measurements of 5* and 8P and probe 
measurements of AVDR and /32. The result is compared with 
the probe measurements of Cpi far downstream and Cpi eval-
uated using equation 2: 
ft(deg) 
/32(deg) 
AVDR 
CO 
«;/c 
5 / / c 
dte/c 
k 
A 
From cylindrical 
probe, far 
downstream 
From LDV 
surveys 
From equation (6) 
From equation (5) 
40 
2 
1.065 
0.029 
0.0189 
0.0035 
0.025 
0.0474 
0.1146 
43.4 
2 
1.07 
0.042 
0.0286 
0.0027 
0.025 
0.0563 
0.1256 
CP2 
CPi 
Cpi 
Average of pressure and 
suction surface taps 0.224 0.263 
From equation (4) 
From probe 
From equation (2) 0.310 0.354 
0.339 
0.32-0.34 
0.389 
0.37-0.39 
Clearly the static pressure rise downstream of the trailing edge 
is consistent with the mixing of the boundary layers in the 
wake of the blade. 
The difficulty in evaluating the loss purely from LDV meas-
urements of velocity can be seen by rewriting equation (1) as 
• \ % C -Vi -p2- 1 [Cpte + A] (7) 
The LDV evaluates the first bracketed term (by integration in 
the nonuniform case) very accurately. However, the loss coef-
ficient is a relatively small difference between the two much 
larger (bracketed) terms on the right-hand side. At any specific 
wake station, the value of A in the second term can be up to 
30 percent of the term itself. Thus a reasonable assumption as 
to the magnitude of A (as a percentage of its value) can easily 
lead to an error in co that is comparable in magnitude to its 
value. In contrast, the loss coefficient evaluated from the pres-
sure probe measurements is the difference between weighted 
averages of measured stagnation pressure distributions. While 
the probe calibration for velocity enters into the calculation 
because the weighting factor is the local mass flux, the result 
depends to first order upon the direct measurement of stag-
nation pressure. 
Thus it is argued that while LDV measurements are used 
widely to obtain velocity data for code verification purposes, 
viscous codes can not be validated using LDV data alone. 
Since an important function of the code is to predict the 
losses, accurate measurements of losses must also be made in 
the experiment. In the absence of such measurements, nu-
merical losses generated by the code can easily be reconciled 
with the velocity data through a seemingly reasonable as-
sumption as to the pressure field. 
Conclusions 
Measurements have been obtained of the flow and losses in 
a controlled diffusion compressor cascade that provide an 
unusual test case for viscous code calculations. Of significance 
to code validation are the following features found to be pres-
ent as the inlet air angle was progressively increased: 
1 a laminar leading-edge separation, turbulent reattach-
ment bubble on the suction side of the blade, with reattachment 
moving progressively downstream; 
2 natural transition on the pressure side of the blade; 
3 no further separation ahead of the trailing edge to angles 
at which losses exceeded four times the minimum for the cas-
cade; 
4 a "simple" wake developing from fully attached bound-
ary layers at the trailing edge. [It is noted that Baydar (1988) 
showed from a spectral analysis of the hot-wire signal that 
vortex-shedding was not present at 18! = 40, 46, and 48 deg. 
Vortex shedding was shown to occur at specific flow velocities 
at flow angles corresponding to negative incidence in earlier 
tests (Sanger and Shreeve, 1986).] 
In obtaining data to be used for the validation of viscous 
code predictions of losses, it is important to measure the pres-
sure field and the velocity field with equal precision. 
The following were concluded in relation to blade design: 
1 The off-design performance of the Sanger cascade showed 
that trailing edge separation can be avoided by design and need 
not develop automatically as a result of increasing incidence. 
[The adverse gradient downstream of reattachment was found 
to decrease with increasing incidence while the suction under 
the separation intensified (Elazar and Shreeve, 1990).] While 
this is an attractive off-design characteristic, it might disappear 
if the separation bubble (which contributes to the losses) was 
eliminated or reduced by redesign. 
2 If the flow can be designed to remain attached to the 
trailing edge, the trailing edge geometry, in principle, can be 
shaped to maximize pressure recovery and minimize losses due 
to mixing. Better understanding of the near-wake region of a 
highly loaded cascade and further development of viscous com-
putational ability are required for such an optimization. How-
ever, it is clear even now that the thickness of the blade at the 
very trailing edge contributed a predictable increment to the 
losses. 
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